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ABSTRACT 

PROBLEM TO BE SOLVED: To reduce a pipeline stall due to a data hazard of a 
superscalar system and to improve the processing speed by changing an 
instruction in 1st instruction format stored in an instruction memory into 
an instruction in 2nd instruction format. 

SOLUTION: The instruction is taken in a 1st stage from the instruction 
memory and the instruction taken in the 1st stage 101 is decoded in a 2nd 
stage 103. The decoded instruction is executed in a 3rd stage and when the 
execution result is written in a register in a 4th stage 107, the 
instruction in the 1st instruction format stored in the instruction memory 
is changed into the instruction in the 2nd instruction format and executed. 
Consequently, the pipeline stall due to the data hazard of the superscalar 
system can be reduced and the processing speed is improved. 
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(57) [gft] 

[HIS] — '^fl^itlcfctfSx— * • ^f"*- K 

oco 3 K^t IS^-rfcS - 1 ^^tb-t^tUfS 

^?T*&iX(i'2ocOift3-£r 100 3^7 > Kift£ 

-W^l^feS^ loco > K^-^lcagE-g-x-t 

ft £<0fc feOStJHSfciiS ^ ESS £B It 5o 



a 8 



«A m ^ 



2 1 im 




x-*®ggffT-iboT, 

fufe^ife<o^x-v{j, > ifft^-p^y^ibift^- 
9iA^c'iii<££ji?lj!1-5g2CO;*x — -^i, ftiJfE^2W 

* r ~ 'j xm b z ix tz & $ % mn -t z> w, 3 <r> ^ x — v 

WE^^^^-y (0*^7*— MD 

[IS*if2] MffiSlOift*7*- Mi, 

Hul2^ 2 (7)^^-7^— Mi, iH^^ldjof'Till ■ 

[!S*rl3] f1jR§?2<0;*.x— i/fi, M^^Vy^ 
^Wx-*fc£i^T'&3^££&!±JU ftiBK^^is 

si 3 w^x- - t &<ftmt 2 1- 

fEfWx-^&glgg,, 

4 ] iuteig^ig 3 ^fe&wx-^&gggii, 

<0 £ £ Uv^ (Cteig-f a x - * SsHHfe ^-c h -5 

If 4 fcSEtt<0x*-* &S^g 0 

-^e^^T'^5li3j<^4 CliE&GOx— *MS3£g„ 
[§f*rf8] ffltSM20to$y* — Mi, mjf2Jgi 

l -rig 3 <o*x- -^'icjsfij-r^ r t 1-3 ra 



1 ] <D-et!<£7*— Mi, 2'<4 

<ox-^^a^e 0 

* <o * * 1/ v?^ ^ ?-* mm$)#x-h 

$r->7 h LTej^Tfeoi/^^f-iE^-rax— ?mm& 

❖■C&SBI*^ 1 1 l-ffi«cCOx-^^S^a o 

x-^l5^^T'fc5l95)trI 1 1 I^SEttOx— ^AaaSI 
[lt*ill 5] ^-r7'7-Y^yj5t<75x-^^a^eTfc 



0, ^ofjfe^i5:co^^-|c:^f^:coH^* 5 fe5: 



itr IS 



5 (-Mieis^o^^ %%.m-f -5 m 2 ^. x - t , 

[if*iSl6] §S#Jll 5 l^f2^©ElC0^x-v ; fi2 
oo^^-Sr^JcgS^Lii^iL, 2 <D*T— ^12000^ 

1 7 ] flfjfrS l 6 (c|E«cW^ 1 w^.x-^«, 
2^V hS^fi^^lS^tr-tSr^i't-ax-^ 

is] cpui ift^/ ^ y t &m-<D¥~&t£m 

mlfECPUli, 

#^^^yi^$flAii-5 2^<-Y Hi/tSW^2oi« 
2 OCO^)^*- 2 ^O/nV > T-3£^Jf-^ff 7T|r 5 «t 



0 \ z mil 2 o co ft ^ £ £ H o A £ - ^ t , 

-f3 CI t > 1"5 ^4 $ o 3 > t°^-^ 3 

[000 1 ] 

[0002] 

[V£$:(D8iffi] $ P7°Dt -ylf ( C P U (Central P 
rocessing Unit), "^-Y ^ a ^ > t° ^l — ? ^(Digjfc h L 

^(Pipelining) Tllfrf 5-^ -f ^ ny 0 nir s/lJ-fS, R 
I S C (Redused Instruction Set Computer) 5^7° n ir 5/ 

[0 0 0 3] illl ^^D7'Dir^t£0AV7 7^ 

EM) Sr^PSLTfeSo f@S'J<0;*x- v (10 1, 10 
3, 10 5, 10 7) aifffiWB^J* (#n^) 

J^S (102, 104, 106) vftLTM&^ttim 

l^x— i/i 0 ifi^7is/^Sr^5 (IF), |2 

1 0 3\t&$<omRRXfl'i?A#<DffifriiiL& 
'HO ( I D) s |37f-yl 0 5!i^^tg^^^L 
£ft*5:3Sfr1-5 (EX) , ®4^x-^l 0 7\r&W 
S££&(f^-|gl 0 8 ^LT|2^7-yl 0 3rtf^E 
HAtifci^^^{cSSii*Srtr^ (WB) a 

[0 0 0 4] g)2{-(i/<^y^^>T4oO#^^^ 



<5/N-l':7 0 7-f' > • * P^fiix5) c r<Z>8H^[g| 

2(0 (a) iC^itLT^S,, EI 2 O (a) rttOfcT^fa 

[0 0 0 5] Lfc^oT, r^SSr)H*i-a^gtL 

IBSrd^HSl 0 SSr^LT^3^x— v*l 0 SrtcOi^ff 
5Sfdt>iHa3"*-5o £t±^fc«)OS0WII*s«*j»l 0 9, 
110t*)5o ^ (Om^&VXZ?* 17— >^ (Forward in 

g) t LT»e>n-c*5 0, rnicj: t> 1 * o y#%<r>Wn 

#"Tflgi£4 0 (b) rttf)£T£fiWc2 

A^&attl ^n^Sfc^ Hfo^itf 

(CO^Tia. 1 9 9 4 -^Morgan Kaufman Publishers. I 
nc. ^IfT^Hennessy et al. r Computer Organization a 
nd Designj ^6 ^Enhancing Performance with Pipeli 
ning(3 6 2 l^b4 5 0f) (CfS$fe £ ixt^5 0 
[0 0 0 7] ifcl:, -7^ > u 7°Pt ^f-co-^aaiger^j 
1 LT, ^<^*7^S;(Superscal 



- 1 



3 3 CO (a) x-^f£]?3L 

liBWl-fi 1 ^ D ^ SI- 2 060^ 
»-<li?T«FPfl^^i-45o **** ^— 

O^Ttt, Bg^l/nn^^^, 1 9 8 9^11^2 
7 0^(No.487), 1 9 1 I^&2 0 0IW T^t&f^RI 
SC, t^I^ALCMOST'l 0 0MI PSizh 

[0 0 0 8 ] fe$k(D*—/<7.JJ 7jji£&$kf8 LTl^oR 

»ffiiS^WiS{3S[^^0^7 V KStt 3 o >: 

3 0 6 3 4 ^-{Cf2Sc$tlT^5o KSJ^^S 
tf>5 (^Srfti^i-S^^y co{£ffl*$r^^<-to) fi 
ftlc, 2/^ H^l^(OR I SCS^v^^P7c 

ffl^iXT^riVV #W5-1 9 7 5 4 6f 

[0 0 0 9 ] 



[00 10] (l)mov R3, R2 r U ?R3(D\ft®& 

(2) mov 332, R5 If — $ r *32*$;Ui/?. ^R5(C^^j 

(3) add R4, R2 r U^t. *R4<Drt2£>R2©l*J!g£ 

(4) and R3, R5 r ^R3<E>rt|? tR50rtS?r 

±EA^ (1) (2) , &TKi^ (3) iife<£ 

LA»U ^ (1) fcifo^ (3) , 
(2) iift<Sr (4) IcH^n-^tLT^-^cofc^tt (x- 
isfcS. -Tfcfc*,, (l) (3) 
^^T'l-v ; ^^R2Sr{iffl-t-S„ . (2) t# 

£ (4) Opj^T-^^^^RSSrftffll-^o $0-, 
(l) oUtTSIiiA^- (3) &ISffLfctt*UM:e>fc 
K A* (2) oUffgluA* (4) £3SfTL/j: 

[0011] HtefcHfrt-Sifo^rai-T*— * 

{fc#t£^*SV&-£\ igjaco ( a ) J; ?\z.^4 

T\ f^^COI^Pfl^ 1 ^^(D^S-^f-T5^-g-0 2 fg<73*!l 
-?fc#t±;$>fo£4t-S\ (b) J^$tL5i9 

[0012] ^COfcfelC, 03O (C) (d^tL-S i. 0 
£&8lfe^nop&*fTffe<£i:igB*J-|gfTLT, ^7*7 

[0013] frizzy*--? y hRTMii&ftmz. X <0 
[0 0 1 4] EUtCfj:, 4^h'3^7>'K^ 

TO P7^-^K4 0 1 m&£«f&£#£1-3. S 1 7 

1^7>K) , S 2 7 4 — IV K4 0 4ti||2A7j£!f# 

a=b+c+d; 

~ner4^>C h • 3^--<7>-K^^S<7)^^iJ 

?'J (Al) ) {cgCft-f5i:WTW«t5l-*5. 
[0 0 19] 
add Rb, Rc, Ra 



3t-f-5l^^^S* (^2^-<^>K) , D7^ — K 

K) #ffa»ftTv*<5. ro*^s;ia3o© 

¥ <7*-**5i£) , «*»»iJfas&5. £fcte, 4 

gffr^aslladd^ 0 J£3SAn£lfc^zextaddft t'©^^^- 
t>*iW$ti5 0 aslladd^^-fJ^i^y^KOf y h 

<DX\ zextadd^^B^l^-^y^KcOtfs/ h/^^tf) 
t£¥ft£0\cLtcmX'i&%<D}}m : &fT0i><D-?&Zo 

ioz zxaffimit(Dfcibmm\-3:&&-tz>x'b?> 5 y 

T7±7.&$ J $>ft®$i^$:&mLX3b%o ft&m^ti 
<n (x-^tcii^^) «S^S2 7-f-/UK4 04IJi 
S 1 7^-/UK4 0 3T-#£$M>^? 
(tsiiTC^v 1 ^^) rt§^^-COS*D7^— ^ K4 0 2 

[0 0 1 5] El 5 tCH, 2/W h -2^7^^ 

X— h ij(0^1^^$^5 0 @5-COP7^-/VK5 0 1 
ti^^«HgSr#S;-r5o S17-f — >\< K 5 0 3 tt» 1 A 
*<M*^i-5 (SSl^^^K) , D7 

-Y— /H-*5 0 2tS^2A7JSr#^:-r-5^v ; ^^#^ (ffi 

iMxv^, :ro^SB2o©^7 
■cv^aa^-c^So ^7^f«io'> 

$ fctC^t) CD7^— KS"bE)4C0it>CO(C^^T 

[0016] A^KfglcfJ 1 A7J^iH^^t LXf?iffe 
^ (y"-^teiS^^) , 0ffi5g^J^-, W#|£SSA^, 1 

jgascA^SEasfca. r.</)5*> 1 try htE~>7 
«iot: s 1 7 -f -yu k « w 9 

[0 0 17] $T, 4/M b - 3^--<7> Y-foGft^t 
[0 0 18] 

(A) 

add Ra,Rd,Ra 

ifo%m (A 2) ) |e^ift-t-5i:gilT©J:5^45o 
[0 0 2 0] 



mov Rb, Ra 
add Rc.Ra 
add Rd, Ra 

(i3U«x.5as, fis#**VX-(Dfem (*i*U«3Sff©fc 

ro«fB]}J-^|c^5/:-t-5o tLt, 4 'H* h •' 3 
7> b'$i$&mt2sU b • 2^7>- K^^^^l^$$t 
•<^frtf»<frR;4* l ~ 2 i, , teitt/ w h fc(J 

[0 0 2 1] L«>U 2'<0-2t'<7XKO^* 

5= ±C55fc (A) T'ij®miCtmT-Z %<DT~hZ>A\ Z 
ZX°i-i£lT<D3Z (B) -Ctt^-rS. 
[0 0 2 2] a=b+c; 

Zti*4'<s( h • 3;fr^7> KWft<£ffc^K>ft<£?iJ (ft 
*?'J (BO ) l^t5t«T©J;3i:i5„ 

[0 0 2 3] add Rb, Rc, Ra 
— jj ~nv2s<4 b ■ 2Jr-<7> KCDft^J (ft£-?!) 

(B2) ) K£&r3iWT<aJ: 

[0 0 2 4] 
mov Rb, Ra 
add Rc, Ra 

4 '<-< b ■ 3 Jr^y^ K<Oft-£(£ST<fctlfJ\ ^77 
ft ^-add CD 2 o CO ft £f,g i c r - ^ 7 o - zi> 5 „ o 

mov Rb,Ra 
add Rc.Rd 

T£>5^ * (B) ic^-fa^^JiJ (B2) T-lix- 

It 1^5= 77J^£&/f!L7U§3\ 

[0 0 2 5] 2 ^'-f h • 2 ^7 > Kft<£ffcS0 

4 *-<?> b*<Dmn?mfti-z>i§£, mz&$m (a 



1) <DX o\Z.y — 5 jR?13eU 2^-f 1- '• 2^ 

[0 0 2 6] '&$kfrt>-&&t 5~W ^uy"u± j/^fi, 

[0 0 2 7] ^m<D^m\X ^—;<*%7lJ$i\z.ii\-!i 

[00 2 8] ^iwftiroSitt, Hffift*a*BU» 

[0 0 2 9 ] $P,JC % **WOfl&05»HlJ, h • 

[00 3 0] *^P^(DtflK3feOTC-^(Dfth,OIS^i:^S^ 
[0 0 3 1 ] 

[0 0 3 2 ] s<4 y'7^ ^^,(r>T'~5^m^m.\t. ft 

[0 0 3 3] ft^-^±H2/M h2t^7>K^S 

-f5 0 LT> SSS§i"5 2oiD2^7> KiS^s, l 

5 T-fcnii2 oO#^Sr 1 off) 3 > 
(-^LT^<D^^x-v>-|ci2ltB-r5#S^^r 

t LT^tf^x-i^lc^b^loc^^n ^tSlTjn 
iI^Hic^5^l£^S:ft5 e 

[0 0 3 4] l^Li^J;^, 2oW^-^§r(ff)B#(-^tTT^ 

7 n — ici fj fi£5feTfcnfi 2W-y? O^FWarg LTV 1 
n: 2 oroft^-.^ag*- 170^ T'HtrT# 5 _ > \zt> 



5= Lti ; oT, i-z<Dmrrfiv ?j?$c&timx' 

[0 0 3 5] 

[0 0 3 6] ((^r^ ^uy°u± y ^(Dy<4y°y4 >v"— 
^D^nirjy^H0 5|c:* ; t-J;3*2/<-r b • 2^y 

[0 0 3 7] ^17r-v7 0 0i^7x^f-^r- 
vTfoSo ^ 2 ^r»y 8 0 0 li^^-f 3^- K^r-y 
X~&% 0 l3^r-y9 0 0f«g7r-yT^5 o $ 
4 — ^ 1 0 0 0 fiU^^CD#£iA^i ^^-7 — 

tt. ^I7^f^7 5 0, »2 7^»8 5 0M|3 
7 3/fS9 5 0A5fe5 0 m6WT^HteMi-fc^ 

[0 0 3 8] ^^^y^x-v^ m7{^fi^i^ 
0 0 tgl7 y^7 5 0 ir^l^^n s/^El 

$ (PC) 70 1 t7x 7 f$iJW7 0 2 i^^^y 
7 0 3 i:T-tlf^;Sn5o Il^T-y7 0 0C0^7x 

[0 0 3 9] /n^^^^JOKOjttTK^^ 

%<f-§-^7 o 4 ic&HjLfft^^ey 7 o 3rt^^-^4^< 

(2fft£r) £{f^|7 0 5 &frLT7=iy^®mU 
7 0 2(;7x^t^ 7x;/fSJ»a7 0 2IC7xy 
fSftfc2oO^<ffS8 0 3|:foT, 7 
0 6, 7 0 7Kmtii-tZ>o **Li>t,*l7-y^8 7 5 0 
rttO^i/^7 5 l(Cff^-S7 0 G^rti^MJ^ 7 
y^7 5 2ic{f^7 0 7<0rtS#fcilrt£ft5o 
7 5 KCfifgUft^ 77f7 5 2l^tt|R2^i5» 

[0 0 4 0] S/c, ^n^7A*j7^7 0i^)ji|;4 

■fe^-f ST KU^tOflt) H2WflSftfc^5fS|iKj(Ot fcT 
^ : ty4^4^h^K (2A^) ^y^yt 
LIi7 y^l¥7 5 0^|:77ft5i9lUr-y 

Lf-4/<-f h5j^^n^^"f ^£3:£ll 7 y^l$7 5 0H 



&&%&&o&'<'( h^o^m^m^ms o 3 

1^7- fy 7 0 0O^ai^^^jpgp7 0 2 (cl^^ 
^l^X-^7 0 0(Dy^y^-mmU7 0 2 fl^tUcjS 

Srfg^«7 0 6, 7 0 7(^ttiL, miyy^-m 

50^7^f 7 5 1, 7 5 2 dfe^-f £ 0 
[0 0 4 1] <(^^3— K^x — v?» [g|8|C(i^2^ 
7-v8 0 0 i»25yfS8 5 O t^i7'p^^i 
^^5 D 12 77^8 0 01^ K*J{?SB8 
0 0 2 tx^jn5o 12^ 

(1) 2oOA^Tftffl$*L5A*-7 ? -^&fflftL, ft 
[0 0 4 2] (2) 2-l(D$i^ffl<Dy?—t?7 n-£}££ 

[0 0 4 3] (3) 2 o^tft^O^— ^ 7 

[004.4] (4) «*^x-^ici*aateffiLfcA*!B: 

[0 0 4 5] ^fb-K77-y (!2^7-y8 0 
0) <^BfPS:WTlcKW-r5o 0 1 2 fcittxa— KSJ 

YmmiS 0 1 lir^7D-ftaj|a]SDFDC, ^ 
^ftlsIiSl NCC^JWt5 0 A^S^ElKl NCC 
12, ir U^^s EL ia»£>4£=fru x-^^n-^ffi 
0!SDFDC£O^(cSo'V>T9 2/^" 7 5 l x 7 5 2(0 
ftSSrAPIU 7i/f8 5 1, 8 5 2 tDrt^tc^-f 

-So 

[0046] 7yf751 OrtSTfc'ill^OP 
yuKS:OP-i, D7j— ^KSrD-i, S17 
^— y^KSrS 1 - 1 t-TSo 7 7 5 2(Ort§TfcS 

S17^^KS:Sl-2tt5o 7^f85 
lOf*3#Tfe5^ 1 A^(DOP7>f — KSrOPN- 
1, D7^-;VK^DN-1, S 17>f^K5:SlN~ 
lt-T5o 7yf8 5 20rtgT*5f 2ft^OP7 
^-/l^KSrOPN-2, D7-f-;l/KSrDN-2, SI 
7^-/l^K5rS 1 N-2 ti"5 0 7^^8 5 2i0rtST 
fe5.^2^tt$?>^s 27>{- /i/K^U ^^^S 
2N-2 >i-5 0 

[0 0 4 7] f3-Kfil»a8 0 lli7^S|7 5 0rt 
^7yf751, 7 5 2 i^fT^>flt^20 
O A^^ff ^ 7 5 3, 7 5 4 HrL-C60 atf s t L 



Xftfifii<£<DD7 4-J\s K (D-l) <DUi?x*%%& 
\m^<OS 17^;UK (S 1 -2) XI1D7^-/U 
K (D-2) ^l^**#^fc#U^5;&»£x-*7 
d H&ffilHl&D F D C TftS So 
[0 0 4 8] V^**#*;SS^L<ft^S£\ 

f^^7D-4S#jEf5t!|!Ij|ft^5 0 

J:, ^-^^a-^aisIKDFDCtt, f6lfflHS*8 2 1 
*»b 8 2 4 tH^SELlH4 ^iX^E* 

n«J9#X.TfS^|ft8 1 3, 8 0 4^LT, 7i/f8 

si, 8 5 2\zm&Ltcmi$i$, *2A^*tMfrt- 

5o fc*5, tl/^^SEL 1, S EL 2(0— OCDA^ 
Kli I NCCT4dc*il*:ijailfe*NOP 8 2 0^#f^ 

[0 0 4 9] ir l/^^SEL 2{Cfi s 

8 4 0 LTr-^ 7 d -ft HiEISD F D C i:i 9 4 

&Ltcmtcte&^frAf}£ti% 0 (If»8 4 0(e:it)i? 

— iktii^^DF DC^7 ^/f 75 100P-lt7^f 
7 5 2 (D 0 P-2K£o*^T£/*Lfc4>COT^fc9, 7 y 
f8 5 2O0P-2CM^5 o £fiE£*i4*ffc*ifi> 
^-MtLtft 0 F - 1 1 tfj/ h^^asll 
TO P-2^An»^^radd^t #(c4^c$ix5 ltVh 
h*Dglft<£aslladd;^fo3o 
[0 0 5 0] tU^^SEL3li, Sl-lStBD- 
2(0^^rtDiaS*il}RL, S 1 N- 2(ctS*fti-5^«)^t 

[0 0 5 1 ] tl/^^SEL4H Sl-litttSl 
-2C0~^(Ofi:^ilJRL, S 2 N-2lcfc«frf-3fc«><0 
h<^Xhi> Q 

[OO52]0ii J-fiift^x^- K^r»y0 2o(^ 

ns 0 a 1 1 (DAimnmrnw- «m», 

-t"5A^T*&5 0 Hfc£L/cJ:5K, zextALU Hif5^ 
asllALUttSlgg-^M U^^lt> h^v^ h 

[0 0 5 3]Biio (i) tt2^7>K?BiC^ffllW 

^^novt^#^ALU>^2^£^T-feofetO^ 1 
o <D 3 ^ 5 ^ KO ffl|*lft ^ALUI ^ 5 t ^ T fe 



[0054] 7^f8 5 1,8 5 2C047^- KiCft 

[0 0 5 5 ] 

I F (D-l) = (D-2) , 
THEN OPN-l^-nop, 

OFN-2*-OP-2, 
DN-2-D-2, 
S1N-2-S 1-1, 
S2N-2*-S 1-2 

A^I-ttJ^TOJ;5(-<C5o 7i/f 75KDOP-1 
Tmovj ffi^ D-l tCtt TRNj fr\ Sl-lCli 
TRmj fcfetft£tlT^Zk~tZ> a 7^/f 752 

COOP- 2 MB: ("ALU J £\ D-2 l^tt TRNj S 
l-2lCtt Trij i5fi^jW$i^TV^5t"t■5o Ht'D 

^ t Srx — ^7d— ftujiDiKDFDCiSfilttl-rSo to 
t7-^7D- ftffiII]SgDFDC«:, SELl^noptft^T 
8 2 0 ZmiR-tZJ: 51-8 2 l Sr^" Lir l/^^S ELi 
£ffrJ{$L, nop^f^-8 2 0 %7 y^S 5 1 (DO PN- 1 i' 
^^rtt-^o ^7o— ftttilHlKDFDCtt, 

5KOD-1, S 1 - 1 £^<7)££{f ^ 7 5 3 , 8 
1 3^LT7 7f 85 1£DDN- 1. S IN- 1 

[0 0 5 6 ] STt-T— ftffiElKDFDCa, i? 
U^SEL2^7yf7 5 2 (DO P - 2 ^mUTS £ 

ii'mmm^s 2 2^lx±^^ el 2 ^pim 

L, 7^f 7 5 2(^OP-2S:7 3'f 8 5 2^)OPN- 
2(c^^*r-5o $ tldr — t^ffiIa]£SDFDC 
tts tl/^^SEL3^7^f"7 5 l(OS 1 — 1 SriilJR 
J; 9t-^JMS-^8 2 S&ftL^ls? ? SEL 3 t?m 
fflU 77^"7 5 KOSl-1^7S/f 8 5 2WS IN 
-2|C|&^-rSo ifcx-^^o-ftUilolglDFDCtt 
7^f7 5 2tf>D-2£{&-g-H7 5 4 LT^cO £ £ 
9 :V^8 5 2 CODN-2l^tS^-T5o ^^i-X-^^n 
—|^ffi0g§D FDCtt, tl/^^SEL4^77f 75 
2 (0 S 1 - 1 £riil^-f-£ i5i-8 3 4 ^ LTir u $ $ 
SEL4^J»U 7yf 7 5 20S1-15-S2N- 
2lcftjW1-So 

[0057] Ell 1(0 (2) fJ^¥#^raov(OD^^"-^ 
KOPv^^#-§-tSI»^^ALUc7)S 17^- ybKcDU 

[0 0 5 8] 7^f8 5 1,8 5 20#7^-yl'K!:fe 



I F (D- 1) = (S 1-2) , 

THEN OPN-l«-OP-l, 
DN— 1 <-D — 1, 
S1N-1-S 1-1, 
OPN- 2<-OP-2, 
DN-2«-D-2, 
SlN-2«-S 1-1, 
S2N-2— D-2 
Aft6?)l^ttWT<0J:5Tfc5 3 7 5 lOOP-l 

1-13 r movJ ^ D-ncii trnj tfs, si-iicii 

r Rmj ASft«SixT^5ti-S D Sfc. 7ff 752 
»OP-2i:tt TALUJ fl*. D-2fcli TR X j jjs, S 

i-2i=a r RNj tf#M£tix\,*z>k'tz>. :;td 

- 1 tS l-2/ii*lc Trnj T'l'v'.* ife-f 
^oHfcitilsIKDFDCas&ttn-a,, ^ 

li s 7j/f 7 5 lOOP- 1 (rwtl-g-Biov^^) SrilK 

<t •51-8 2 1 Sr^Ui? ^ S EL 1 £flJpL, mo 
v^7yf8 5 ICO FN— 1 l-tSlrt-fS,, 
[0 0 5 9] x-^^n-^tbBSSDFDCii, 7yf 
751CD-1, S1-1&, ^WS*fff-^7 5 3, 
8 13^U7yf 8 5 lODN-1, SH'-ll:fe 
tt-t"5„ $.tz?— ^7n-j$tBfH]jgDFDCf2, 
?SEL2^7j/f 7 5 2O0P-2 ^igJR-f^ <t 9 I- 
frJf#{f-*§-8 2 2 ^Ltt S E L 2 SrffflflPU 7 

7 5 2ff)OP-25r7 7f 8 5 2 COO PN- 2 l-te 
fcj3 x-^^n-^fcBlHllfgDFDCtt. 7 y 
f7 5 2«D-2KO*Sfi^«7 5 4 > 8 0 4 
Lt7yf8 5 2<^DN-2|rfe^-r5 0 St,!^— * 
^n-^tbESlDFDCIi, tl/^SEL3^7?f 
7 5 1 © S 1 - 1 SriitiRI-S «t 5 tefcWPIS^ 8 2 3 $tt> 
LTtl^^SEL3 U ft 8 0 4 LT 

7 5^8 52COS lN-2l;7^f75 1CQS 1-1^ 
t&*frf5„ ^CiJx — ^7D- tfcttiHSSDFDCd;, 7y 
f-7S20Sl-2*»«i|7 54, 8 0 4^l.T, 
tOS*7yf8 5 2-OS 2N-2lctejfli-5. 
[0 0 6 0] 7^8 5 1, 8 5 2 UL&ffWlzft 

*A£*t51ffi£:flsoT^< ELfcro J: 5*KfIttia l l <D 
(2) «f*TU«»-f5 0 Ull 1(0(1), (2) iEt£fc-*» 

[006 i] ii i© (3) ai ^7 > KBsSw i tr 

y h^$r2^--<7> KtT^co 1 tf y h?£v-7 

'^'©U^^fft 1 feTy H7£->7 h^^-asllco D 

»2 A*ai2^7^Kro 1 k> h.£->7 h^aslUC 

[0062] -ffcfc*>, &y4->\, KttTEoi 



[0 0 6 3] 

IF (D-l) = (Sl-2) , 
THEN OPN- 1 -nop, 

OPN-2-OP-2, 
DN-2*-D-2orD-l, 
S 1N-2-S 1-1. 
S 2N-2-NA 
( 4 ) fJ8 1 *^-#«5^^»vT, 312 1$^ 
Xtt*ttdMaii© (l) , (2) , (3) icttSLft 

[0 0 6 4] t^K 5 i-^ 

[0 0 6 5] 

OPN- 1— OP- 1 „ 

DN-l-D-1, 

S1N-1-S1-1, 

O P N - 2 ••-nop 

Ml ICO (5) ttOttgEA<frzexti«£ife<frALUi:$:0 
^•zextcOD7-c— /U KCQ Is is* mi<D 

w<oif-a\ ^^x-^(citt^i#^^4g^^- n0 p 

Cl, ^2 #^255 3^^^ KO0ffi3g?H^^zextALU 

[0 0 6 6] *7-<-/UKH[TSE(0i5^ 

[0 0 6 7] 

I F (D-l) = (D-2) , 
THEN OPN-l«-nop. 

OPN-2«-zexALU, 
DN-2«-D-2or D-l. 
S1N-2-S1-1, 
S2N-2-S1-2 
01 l(D (6) (iOfeSS^h^-zextcO D7-f-;VK»U 

ttSAD^^-zextaddf^^tft^ixTig^nao 
[0 0 6 8] -T'itJ*), ^§-7^— 7i-KliTfB(Oj; 

[0 0 6 9] 



I F (D-l) - (Sl-2) , 

THEN OPN-l«-OP-l, 
DN- 1*-D- 1, 
S 1N-1-S 1-1, 
OPN-2<-zextadd, 
DN-2<-D-2, 
S 1N-2-S 1-1, 
S2N-2^-D-2 

[0 0 7 0] Hi 1 (7) (7) tignfe^7jS0t£3B^ze. 
xt"C\ &2^Xtt&ft=jSS[g| 1 io (5) Xtt (6) 

[0 0 7 1] f^^tj, &7 4 — KHTIE£> <fc 9 

[0 0 7 2 ] 

O P N— 1 <--0 P - 1 , 
DN- 1 — D- 1 , 
SIN- 1 *-S 1 - 1 , 
OPN-2- nop 

El 11 00 (8) (j:l t>hty7^^asll>^^ 
ALUt £ 1 h£;>:7 h^^^^asllALUICii^-ro h 
^*C*&5o 1 hfcv-y' h^^asllCOD 7 -f — vu K<£> 
1/ i? A & > ^^^-aluco d 7 A — K£> 1/ ^ 

iCttH 1 A^S^f^nopiC, jg 2 3 > 

KO 1 Xfy h&i/7 V ^^^asllALUf' g;J&£ tlXm 

[0073] i~tet>h, #7^-;u KliTfSo i 51-3: 

[0 0 7 4] 

I F (D-l) = (D-2) , 
THEN OPN-l<-nop, 

OPN-2*-asilALU, 
DN-2—D-2, 
S1N-2-S1-1, 
S 2N-2+-S 1-2 
Hi 1<D (9) HI tTy hti^asIW D7^ 

u^^#^->a5-a"t'5a^Tfe5 0 rcos^, sis 

7 > K<D 1 htv7 hiDgA^aslladdlCg:^^^ 

[0 0 7 5] f/^H, #^^-^Ki±Tfficoj: 9^3: 
[0 0 7 6] 



I F (D- 1) = (Sl-2) , 

THEN OPN-KOP-1, 
DN — 1 «— D — 1 , 
S1N-1^-S 1-1, 
OPN-2^asIladd, 
DN-2«-D-2, 
S lN-2<-S 1-1, 
S2N-2^D-2 
mi l(D (10) (igl^l \fy h£y7 h^^as 
UX\ »2^XH*«=iS01 1<D (8) Xt± (9) 

[0 0 7 7] fib*,, #7>f-/uK»iTiS^<t9i^a 

[0 0 7 8] 

OPN- 1— OP- 1 , 
DN- 1 — D — 1 v 
SIN 1 * Si 1 N 
O P N - 2 ^nop 

Hi 1(7) (l l) |J 2 o^^BSCf-? 7 p - 1 > 

[0 0 7 9 ] — KS0f9Sl58 0 1 Tl*$ilfcgfL^ 
2oOtft^«tff -§-jjsg8 13, 8 0 4{:i|ffi^i, -rii^r 
ri^2 =7 y^&S 5 0 f^Jt^y 7f8 5 1, 852 
£ix5 0 ifc, -r — ^^n— ^ffiUJSSDFDCf^^ito 
5fefT^^ta^^i:CDBi«0«ISE*g*S:ai 1 <D p c 
^ffcofttcSot^^^^ i/^-^x— ^ (ISi^t- — v 
7 0 0) M 8 0 3£^LTi£^3 0 i"*fc>^, 

[0 0 8 0] $ fclC7^=z— Kffi|»a8 0 lfcjtffcfTlft^O 
S17^ —71^ K ( S 1 — 1 ) , D 7 — /W K (D — 

1) , &h\Z.ikmfo^<DSl 7 4— 0 3 (SI- 

2) , D7^-;l/K5 0 2 (D-2) 0 4 0(^ky7^ 
#7r£ff-?-$i8 0 5, 8 0 6, 8 0 7, 8 0 8^LT 
l^y^^77^f^8 0 2icSSo l/y^^77-f^8 0 
2rt^4OC0l/v : ^^OF^#tt. iW^-BS 0 9 , 8 1 
0, 8 11, 8 1 2t-S6*Ui*^ H2 7y-^S|7 4^ 
^7yf 8 5 3 (»1-1A*) , 7^8 5 4 (II 

, 7^f8 5 5 (182-1 A*) , 7^78 
5 6 (I2-2AA) ^t&tt£ix5o 
[0 0 8 1 ] il 5Ctt, 1/^^77^^8 0 2(07" 
a y?m&^£tlZ) 0 1/^^77^/1/8 0 2^ Uv- 

ix5 3 ^nGSTRtt, 4*(0!J-K^ht 2 

*^7-r h ^f— h ( ;, -?*tL^nff^8 o 9, s 

10, 8 11, 8 12, 11^9 5 5, 9 5 6{zmm^ 
n-5= ffot, Uy^^77^^8 0 2|i4O^)by7 



[0 0 8 2] ill© (1) t (5), (8) 
li, (Sl-l) > (Sl-2) T^M2^U 
■✓^^OrtS«S»*»8 11,81 2J=ME*ffi$n, 7 
^855 (02-1 A*) , 7yf8 5 6 (» 2 - 2 
A7J) ICfiMftStlS. 

[00 8 3] IllO (2) > (6), (9) 
11, (S 1 - 1 ) u^**©rtg#fg#i» 
8 0 9, 8 1 lteft^ffiSft. ?yf8 5 3 (US 1 - 1 
A7J) i7yf8 5 5 (02-1A7J) i 
5= (D-2) Tjt^StlSV-^^rtSiSfi^iggS 1 
2lc|S^aj$iX, 7yf8 5 6 (f 2-2AJ) 

[0 0 8 4JE11O (3) Oi^ll, (Sl-l) T 

il, 7->f8 5 5 (02-1A73) C:&tt£;M5 0 

[0 0 8 5]BllO (4), (7), (10) (MSG 
l±, (S l-l) •cjg^StL5U^^OrtSASfg*» 
8 0 9(C|S^.fcb$ix, 7 yf8 5 3 (JRl-lAA) (- 

[00 8 6] |11W (11) <0#^tt, (Si- 
ll - (D-l), (Sl-2), (D-2) T-mizZ 

n5 4OC0U'v : ^^(7)rt^^Hf-§-^8 0 9, 8 1 0, 8 
11,81 2lcif^fcB$n, y 8 5 3 l-iA 

*/) - 7yf8 5 4 (01 -2AA) , 7^855 
(I2-1A*) , 7yf8 5 6 (£2 -2 A*) Kte 

[0 0 8 7] «3g*T * 7 -^>> 0 9^1203*7-^9 
00i^35 ;>7^9 5 0 iO|«|B7"D j/^d]^^^^ 
5 : 13 *x-v?9 0 0 (i, ^$!]»g|59 0 1 t ALU 
(Alithmetic Logic Unit) ^£a£f^§ff 9 0 2, 9 0 
3-Sl ATjUgHBg 9 0 4, 9 0 5, 90 6, 

90 7tT'i^$ft5„ 03*7 — v>9 0 OTfc-5 lift 

«o5c 

[0 0 8 8] 9tH4lS9 0 2 >^lAAll@S9 0 4|i 

(*)02o(07yf8 5 3, 8 5 4^f,Il-lA^ 0 
l-2A^gfi8 5 9, 8 6 0 £}>LTiSJRSf 9 0 
6;-igf3tt5 0 *7c, l37yfS9 50rtO2-oO7 
5^9 5 3, 9 5 4A>fcMl£U73, 0 2 ffi^^ff 9 
5 5, 9 5 6£-7>LTiiliRS§9 0 6{'i*btL5 0 
[0 0 8 9] 3K5I9 0 6 ttff im 8 5 9, 9 5 5M' 
9 5 6©5*,0io£fr§*|l 0 0 1 l^t^igiRLTli? 
l7v7jl£lSS9 0 4&t>'ff^-M9 1 2 &3>LTM||Lg9 0 
2;-x-^^^5 0 *7c, S*?S 9 0 6 ttff^jl 8 6 
0, 9 5 5S0!g5 6©5t,OlOiBfil0'0 1lu 
i3E^3JRLTfMhS9 1 3 £4M,TStgg9 0 2 IC7-*- 



[0 0 9 0] ft$£|ffl)fflsg O lttJS2 5y*S¥8 5 Ort 

»7 j/^8 5 icda3-£&i;)£^, ^w^^gic^ 

&g3§9 0 2, 01 \7jmmB%9 0 4«rfe-§T»9 1 1 
t 9 0 8fa#U £^^tf)7c«>(D$i3¥£fT? 0 L 
T|££<Dfit (01ttJ;fr) \tm3y-yf-m9 5 0rt©7j/ 
7^9 5 3fcfa-§-$i9 1 8 4^LtttttSn5. 
[0 0 9 1] &SEf|9 0 3>0lA*PS0E§9 

0 5 H'&m$i#$:]fi%.~tZ it tb<D®?&T\ M2y-yy^m 

8 5 0^020(07^8 5 5, 8 5 6 A>ib0 2 - 1 A 
ti. f2-2AM(|#i|8 6 1 ( 8 6 2§T7>LTj1^ 
#9 0 7|CiH?>il5. *7c, 03 7S/^8¥9 5 0rt<D2 
o0 75 /^9 5 3, 9 5 4a>6*llB^ 02fcB;^S{I 
■§^9 5 5, 9 5 6Sr^-LT3S«S9 0 7{c3&C,n«. 

[0 09 2]I^9 0 7|Hlfi8 6 1, 9 5 5M 

9 5 6<Dvh(0 l-^Zm^m 1 0 0 2Kfe^8HRLT0 

1 A^BSS 9 0 5 StffifUl 9 l 4 LT7H3¥S§ 9 0 
3K7*-*£&5 0 £/c, 33ft$9 0 7tt«^i»8 6 
2, 9 5 5S0t9 5 6W5t,«l-3i:JHHSll 0 0 2 
ffiV^il*?LTfS*tft9 1 5 ^^LTitM9 0 3 |;f- 
*£ii5o StUNftiSl 9 0 l B»2 ? »8 5 Ort© 
7:^8 5 2<£Hfjj£-£Sti3 j^, ^©ift^gglcftl,^ 
»S£9 0 3, » 1 A*W»@» 9 0 5 9 1 0 t 
90 9tTSf|U ^^^coycfccO^SrtT^o -tL 
T^Wffi (02ffi^/) 1303 7 S/ 7^31 9 5 0rt©77 
7^9 5 4tff«9 1 9 ^^LT^$tL5„ 

[0 0 9 3] «±jjs, ^tr^T"-^ (i3 77->'9 0 
0) CD^ST&S^, sladdife^-^zextaddift^fCot^T 
i£MLTti< 0 aslladd^^-^zextadd^J^-tt, 
£^3i-e#38t3?S£9 0 2^7c«9 0 3^1 Ayj£ 

«l-aftA*-t-5©-C*< . 0 1 ATJp^HSS 9 0 4 * 
fctt 9 0 5 ICA7J L*ix*SiJHIi!l»Sf|J 9 0 1 jPfHW L, 
1 try h£v-7 h^OjtKOBIfiSrtTo-CJSt, 
SIIF$9 0 2£fctt 9 0 3^A7JL, *C-C«tt<0an* 

[0 0 9 4] «#£&^*X— v 7 )) 01 OIC(J04^7 
— ^1 0 0 0©ttfls$rSl9H"<5fc»©:/n s/^@^$ 
ix5 0 14^7-^1 0 0 011, SUSSES 
1010t7t !7— TV >yfflmi£l1& 1 0 2 0 £ -?* /£ 
3*t3o I4^f- i/l 0 0 0-QhZ>Ui?Xf<^<DW% 

[0 0 9 5] (1) 20CD^^-<75^|S^^^$tl7c 

[0 0 9 6] (2) 2 o©ifo<£<08!3ie£#^ p y ^ 

f<7)g|g^7-v? (&W/<^7'7-l'^) 

£.02 7 i yf : -|¥8 5 0rt(C7iX7^$tLT^5{tT-7 l t e<, 

03 7^^f¥9 5 0rtlC7 5'f : •$^^TV^5^it^^|c 

[0 0 9 7] *-f, (l) <Dmmfrb®.Wi-Z-_ 



T-ylOOOii, fg3 7 ^^2¥9 5 0 1^0)7 y^9 5 
1, 9 5 2^t>iES(r(cg|ff Silfc2oO^*rf| ^9 
5 7, 9 5 8 Sr^LTUv?^^#-§-jg?l?clHlK 1 0 1 0 d 
ffif'^iitfo 4^3 7^^ S9 5 Ort^)7s/f 9 5 3, 
9 5 lfrhm.ffi<D : &%^<D\&%{t^$&9 5 5, 95 6 
Cii£tiW-3 s -5-LT, l/^^f ^tlnlKl 0 1 OS 
Sffift^ff $ *t/cift<£fiO 2 o<DD 7 >f — Krt O ^ 
^#*S:fif»1 0 0 3, 1 0 0 4(Ci^tBLT^2^X 
— ^8 0 0<DUi/^try T 4;\s8 0 2 

[0 0 9 8] jfeic (2) OfiiaS:KWi-5o f4 7T- 
^lOOOtt, *27j/fS8 5 0^7ixf85'l, 
8 5 2 2 &fg*& 8 5 7, 

8 5 8 ^LT7t!7-f^ ^ftJffllelH 1 0 2 0 tCffii 
( 9iA|> 0 l37yf-ff9 5 0rtO57yf 951, 

9 5 2^&jS^lcg5S$nfc2o(??A^S:ff^-|S9 5 
7, 958^fTLT7^7-7V> ^J»@^ 10 2 0 

0 ttiESirlCllff $tLfc^p^(0 2O(0D7^~ ;b Kf^KOl/ 

^^Sf-t^lHl^^tLS^t 2 OtO^COS 1 

— ^ h\ S2 7 J— jv K^#^I^Ck<^;& s &£;&M&fi 

l27i/fS8 5 0 ^lZ)7^f 8 5 3, 8 5 4, 8 
'5 5, 8 5 6rtCQffiT>i<, ^3 9 ^^8¥9 5 0rtcO7 
^9 5 3, 9 5 4f*IC9ffi; (fS-^S 9 5 5, 9 5 6) ^ 
^9 0 2, 9 0 3{Z.AJj£tlZ> X o\Z7*V — xV 
V^WflJlHlgg 1 0 2 0 ^ff ^-jft 1 0 0 1, 1 0 0 2 ^1 
mLT2O£0il^9 0 6, 9 0 7 ^ffiij^^o 
[0 0 9 9] <<^^IJC0#15I>> EI 1 3(C(i^Pj!(7)^ — 

»2#^sffi^]|^3lffT#>iv^#(cfifaA < ft'nopSr» 
y^'fcij 2o(0^teSasRltgi:*oTV^5 0 ^fc, 

[0 10 0] 5fefrA^aSiiov f zext, asll«tf>tsi£3^ 
loco^^ic^L, 1 oco^ n y^x%^^<T> 

[0 10 1] ((-v-f ^n=2>t°^-^--(Digffl0(j)) Hi 



— ^ -v ^ u zi' > t u ^ - 

SJft»3SE»llBS:W"t5**5gMULT 

CACHED ^t^yanyhP-7CCNTi, ^ 
a/^y?7x-7EBlFt, 3 2trj/hKgTK 
1/^LABUSt, 3 2t>Mll7K^7-^ 
/<^PABUSt N 3 2tfy hf^/^DBUS, D 

Jx5) 0 

[0 10 2] ^^Pnyt^-^MCUtt, ^gRT K 
^^EAB t X — EDB^ LTDRAM^tf) 

[0 10 3] t^telglCPUH 0 6f^£*l5/< 

■x— -^2:^4 ^x— v^t (Dmiz^^:]) T^irx^x — ^ 

^to^55fW7°7^f v§rtg^1-^ 0 >SJb\ 
f-^^^yt^^^U 7 0 3it ^r^s/i/i^^y 
C A C H E X ttSffitS gfMMC^ L, * *&gSE 
C P UrtHtt#ftL4V\ ^^MCTCP UB 2 »<>r 

2, 9 0 3ft, 3 2 tfy hg^ALU^KiXfixf t 
5 0 ^y^7 7^f^8 0 2ll 3 2 tf y hftO 

|CPUft#»5 - 1 9 7 5 4 6*^ffltC|BttSiX5 

xMft-fZv W5 - 1 9 7 5 4 6f^S«Sn 
5CPUft^w^*7Hti^ 0 IftCit^tf^ 
MSSC P UiJ7 7Mtfc 9 , ^^..jagig 

BCPUttttiji#-§-l 992/89745 7-§-^fS«tS 

[0 10 4] EJl±**W#tcJ:oT*Snfc«P^*3ISE 

ta^ ajx^HgTfes :tup ^tt^o Win 

^tGi^^S l7^^Fii^?^t5^ 



[0105] 

[0 10 6] Kffi^Baox-^^D-SrftdiL, A<fr 

[HIl] -?>f ? n^D t 3/ Vft^fcJI 

[[2 2] ^^^^^teaoaj&Sr^-To 

[13 3] 7te3O«fc£&7jW- 0 

[[24] hA^ftS^A^^irA^U'^-hy 

[125] 2/^ h«^fl)^Mtft*w<-h!) 
[127] lUr-y!:|l7^St«7 f P^ 

So 

[[29] IS^f-ytlSy^fSt^fti/n^^ 
[2o 

[nio] ^4 ^T—^owii^im-r^y^ ytm* 

[1211] ^fn - K^r-y© 2 0(7)^$-^^ 
[[212] x^— K^JiaSli^-^cDf^JpB^n j/^El^ 

[12 1 3 ] fo^ntmimt n ^Tt^J; pt^SS 

[121 4] W^7w^^/7^^f c ^^n 
[1215] Uy^^77-f^O^Ds/^ia o 
101 351*7^ — v\ 10 3 ^2^^ — ^ 1 



0 5 |3 7;T^y\ 10 7 l4^7-y\ 10 

8, 10 9, 110 ft-^-jjS, 40 1 OP7^ 

^ K, 4 0 2 D7>{-;UK 4 0 3 S17^- 

^K, 4 0 4 S2 7^-^F> 50 1 OP7^ 

— A-h\ 5 0 2 D7^-;WK, 5 0 3 S17^ 

—/UK, 7 0 0 ^i^^_^ 8 0 0 %2XT 

— 9 0 0 £53^--^ 1 0 0 0 S?4^x 

— 70 1 yp ^ A# 7 0 2 7^ 

y^MMU, 7 0 3 7 0 4, 7 0 5, 

7 0 6, 7 0 7 ft-SHSU 7 5 1. 7 5 2 7^ 

5\ 80 1 7*=z— KffiJftpgR, 8 0 2 l^v^^y 

7^^K 803, 804, 805, 806, 807, 8 
08, 809, 810, 8 1 l N 812, 813 ff 

851, 852, 853, 854, 855, 85 
6 7yf, 8 5 7, 8 5 8, 8 5 9, 8 6 0, 8 6 

U 8 6 2 fS-g-lft, 9 0 1 IRXMWUs 9 0 2 

9 0 3 mWM&, 9 0 4 »1A*WI 

mmm, 905 *iA*n»0S, 9 0 6 mn 

9 0 7 iSJR^, 908, 909, 910, 91 

1, 912, 913, 914, 915, 916, 91 

7, 9 18, 9 19 {f-^&£, 951, 9 52, 95 

3, 9 5 4 7i/f, 9 5 5, 9 5 6, 9 5 7, 9 5 

8 ff -SHg, 1001, 1O02, 1003,100 

4 ft^, i o i o u^xp&^-mmmffi. i 

020 *f j >#famm&. incc ^ 

&0£g, DFDC 7^— ^^n-^ffi[H]SS, MC 

U -e^ ^ n zz yt'a- # % CPU t^-JOfSg 

S> FPU ^ti/j^^irL^^^y h N MULT- 
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Debugging software running in a highly integrated system-on-chip (SOC) device at 
frequencies in excess of a 100MHz poses some significant engineering challenges. Traditional 
software debug tools such as in-circuit emulators (ICE) or logic analyzers have relied on having 
access to most of the signals of a microprocessor. This is not the case when the microprocessor 
core is deeply embedded in an SOC. In an extreme case, there may be no core signals visible on 
the pins of the chip. The lack of signals is not the only problem that traditional methods have 
difficulty overcoming. As frequencies exceed 100MHz, any additions to data path lengths can 
cause the skew of signals to such an extent that an incorrect representation of processor activity 
occurs. 

The pin-out problem can be overcome by using bondout versions of the SOC, which provide 
all the signals needed. Bondouts take on one of two forms: either as an exact replica of the final 
SOC or as an implementation of a common subset of the functionality for a product range. Both 
have their problems. An exact replica is likely to be of use for only one product, therefore new 
bondouts are needed for each new project. A subset requires further logic to be added around the 
bondout to provide the functionality of the SOC, so it will most likely behave differently to the 
final chip. The use of bondout technology always adds delay and cost to the design cycle. The 
additional work required is technically challenging (difficulty of routing signals off chip at 
maximum frequency) thus diverting technical expertise away from the main objective. 
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There is a strong market need for the same functionality provided by traditional methods to 
be available for SOC solutions. The features provided by an ICE and supporting software can be 
broadly divided into five major categories: 

1) Breakpoint ing and stepping code 

2) An historical non-intrusive trace of instruction flow and data accesses 

3) Non-intrusive access to registers and memory 

4) Emulation memory 

5) Code coverage and profiling 

Breakpointing and stepping application code allows users to run the application code to a 
given point in code and then stop the processor. At this point the user has the option of 
examining or changing memory or register contents, stepping or restarting the application. 

The really difficult bugs to track down are those that occur in situations where there is an 
unforeseen and hence unpredictable interaction between the application software and hardware. 
These bugs can be intermittent and usually only occur when the system is running at full speed; 
simply starting, stopping or stepping the processor does not expose the problem An historical 
non-intrusive trace of instruction flow and data accesses can provide the extra information 
needed to identify the bug. For example, an application crashes during an interrupt routine. The 
result of the crash is that a memory protection fault occurs; the cause can not be found using 
breakpoints and single stepping methods. The user sets up the trace filter facility to collect trace 
data only during the interrupt routine, and the trigger to stop tracing when the protection fault 
occurs. The filter facility limits the amount of information that has been traced and analyzed. The 
trigger ensures that the trace information around the bug has been captured and not over written. 
As trace buffer depths are finite, these features are important to ensure the buffer is only filled 
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with relevant information. They also save time by limiting the information that needs to be 
analyzed to find the bug. Trigger and filter conditions can be changed to refine what trace data is 
captured and when. 

Another key feature is the ability to change a processor's registers or memory without 
stopping the system. This is very useful in electro-mechanical applications. For example, when 
debugging an engine management system, the ability to change the control parameters of the 
engine without having to stop it will save time. 

Many ICEs provide emulation memory that can be forcibly switched into a processor 
memory map. This is achieved by monitoring all processor accesses; when an access is made to a 
region that has been designated to be emulation memory, the access is re-routed. One of the 
major uses for this memory is the replacement of ROM during development, enabling the user to 
modify code that would normally be resident in ROM, allowing for quicker code development 
cycles. 

The most recent addition to the debug toolset is the use of code coverage and analysis tools, 
which provide users with several useful benefits: 

• Prove test coverage 

• Reduce code size 

• Improve code performance 

• Provide minimum and maximum execution times for an algorithm 

The code coverage and analysis tools are usually resident on the host controlling the ICE or 
logic analyzer; the information required is provided by the trace facility. These tools set the trace 
trigger and filter functions, and then use the captured data to provide the user with the relevant 
information. 
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All the above functions are features of current ICEs, which are now required in the SOC 
world if these systems are to be efficiently debugged. The ARM solution puts the real time 
components of in-circuit emulation into the SOC. The advantages of this approach are: 

• Debug solution running at full processor speed 

• Debug of final product 

• < Scalable solution for multiprocessor devices 

• Standard tools for all ARM core-based SOCs 

• Easy, reliable and small interconnect to target 

• Low cost 

We use three solutions to provide this functionality: 

• EmbeddedlCE logic 

• Real Time Trace 

• Real Time Monitor 

The EmbeddedlCE logic, which is an integral part of an ARM, contains breakpoint registers 
that compare the value on the core address, data and control busses against values programmed 
into the registers. For example, the logic may be programmed to generate a breakpoint when an 
instruction is loaded from a particular address or a particular data value is stored to a given 
location. When a breakpoint occurs the processor will be stopped and will then enter debug state. 
Once the core is in this state, memory and register contents can be examined or modified, images 
can be loaded, code can be stepped or execution restarted. The EmbeddedlCE logic provides all 
of the standard run control debug features. 

The Real Time Trace solution for ARM cores embedded within an SOC is made up of: 

• The Embedded Trace Macrocell 
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• The Trace Port Analyzer 

• The Trace Debug Tools 

These three elements provide the capability to trace instructions and data accesses in real 
time. The Trace Macrocell monitors the ARM core busses and passes compressed information 
via the trace port to the Trace Port Analyzer. The Analyzer is an external device, which stores 
the information from the trace port. The trace information is compressed so that the analyzer 
does not need to capture data at the same bandwidth as an analyzer monitoring the core busses 
directly. This has the benefit of either lowering the cost or increasing the amount of processor 
activity that can be traced. The debug tools retrieve the data from the analyzer and reconstruct an 
historical view of the processor's activity, with data accesses to memory interleaved. The trace 
display includes full symbol information and links to the source code being debugged, allowing 
rapid understanding of the trace data. The trigger and filter logic, which is a part of the 
Embedded Trace Macrocell, is configured via the JTAG port. 

The Real Time Monitor provides two major functions with minimal intrusion on the 
application execution time: 

1) The debug of foreground tasks while interrupts continue 

2) The ability to read and write memory without stopping the processor 

With the EmbeddedlCE logic described above, a breakpoint forced the processor into debug 
state and stopped the processor clock. However, with the recently announcedARM9E and 
ARM10 cores, enhanced EmbeddedlCE-RT logic allows a breakpoint to either stop the 
processor or generate an exception. If an exception is generated, the processor is vectored to a 
small monitor program (less than 2KB code and data) resident in target memory that provides 
full debug functionality. Interrupts are still enabled, allowing application interrupt handlers to 
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run and commands from the debugger to be received via JTAG. These commands provide full 
debugging of the foreground task: it can be stepped or restarted, further breakpoints can be set, 
and memory read and written. 

To read or write memory without stopping the processor, a similar mechanism is used. The 
user selects a memory location to be read or written. The debugger sends commands via JTAG to 
the monitor program, which momentarily interrupts the application. The monitor program carries 
out the required operation; control is then returned to the application. 

In SOCs the common use of Flash memory and the execution of ROM code from faster on- 
chip RAM alleviate the need for emulation memory. Fast code download to the memory is 
necessary to reduce design cycles. Using JTAG and the EmbeddedlCE logic, ARM's Multi-ICE 
product achieves download speeds of 120KB/s, hence a 1MB application can be downloaded to 
on-chip RAM in eight seconds. Multi-ICE can also reprogram on-chip Flash memory. 

With the availability of analyzer buffer depths of up to 40 million instructions, ample trace 
information is provided by ARM's Real Time Trace solution for use by code coverage and 
analysis tools. 

ARM's debug solution provides all the functionality of a traditional ICE for SOCs, with no 
external visibility of core signals running at frequencies well in excess of 100MHz. This solution 
is applicable to all ARM core-based designs available from any of the ARM semiconductor 
partners who incorporate the Embedded Trace Macrocell in their SOC devices. 
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